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In certain invertebrate muscles, adjacent narrow columns 
of sarcomeres are displaced along the fiber axis, providing 
an obliquely striated myofilament pattern in certain section 
planes . Although this architecture is described in many 
phyla and has been the subject of much discussion (1- 
12), its mechanical significance has yet to be resolved. In 
nematodes, where ultrastructural detads of the obliquely 
striated muscle have long been known (12-19), another 
unique and prominent feature is the attachment of every 
sarcomere to the plasmalemma and basal lamina via dense 
bodies (Z-disc analogs). Unfortunately , the importance of 
this feature to the transmission of the contractile force to 
the cuticle is not understood outside the Caenorhabditis 
elegans literature: it was overlooked in recent reviews cov¬ 
ering obliquely striated muscle (9-11). Here we consider 
transmission of force and oblique stnation together. We 
compare the contractile architecture in C. elegans with 
that in the more complex muscle type of larger nematodes. 
Both types are designed to transmit the force of contraction 
laterally to the cuticle rather than longitudinally to the 
muscle ends. In the second type, folding of the contractile 
structure around an inward extension of the basal lamina 
enables a higher number of sarcomeres to be linked to 
cuticle per unit length. We suggest that the mechanical 
significance of the oblique arrangement of sarcomeres in 
both types is that it distributes the force application sites 
of the sarcomeres more evenly over the basal lamina and 
cuticle. With this muscle architecture, smooth bending of 
the nematode body tube would be possible, and kinking 
would be prevented. 

In nematodes, four bands of muscles lie longitudinally 
along the cuticle. Bending is caused by compression of 
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the cuticle due to contraction of either the dorsal or ventral 
muscle pairs with opposing action from the hydrostatic 
skeleton (20-21). The undulatory locomotion (see Fig. 
2A) is due to smooth waves of bending that apply the 
propulsive forces to the substrate (22). 

In all nematodes, the longitudinal muscle bands are 
composed of a single layer of cells, and the contractile 
filaments form a layer along the distal surface of each 
cell. The structure of the filament layer is diagrammed in 
Figure 1 for the two main types of muscle fiber architec¬ 
ture found in nematodes: platymyarian, represented here 
by Caenorhabditis elegans, and coelomyarian, repre¬ 
sented by Mermis nigrescens. The structures of other 
platymyarian and coelomyarian nematode species are 
closely similar to these examples (12-15, 19). 

In both types of architecture the myofilaments lie paral¬ 
lel to the long axis of the muscle fiber and the body axis 
(vertical in Fig. 1). Observe the one complete sarcomere 
shown in the frontal plane of the Mermis diagram and 
the partial ones in the other section planes. Clusters of 
thin filaments attach to each bar-shaped electron-dense 
structure. Called dense bodies or Z-bars, the latter are 
equivalent to the Z-discs of vertebrate cross-striated mus¬ 
cle in that they provide attachment sites for the aetin 
filaments and form the boundaries between the narrow 
sarcomeres (16). Within each sarcomere, the thick fila¬ 
ments are linked to each other and to the plasmalemma 
by the M-line material (Fig. 1). 

Probably the most significant and distinguishing struc¬ 
tural feature of obliquely striated muscle of nematodes is 
the direct attachment of each dense body, and thereby 
each sarcomere, to the muscle cell membrane (Fig. 1). In 
cross-striated muscle there is no equivalent attachment— 
only a loose linkage of Z-discs with others along the 
same myofibril, between neighboring myofibrils, and to 
sites on the sarcolemma. These connections are made via 
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Caenorhabditis Mermis 



Figure 1 . Contractile architecture of the two main types of nematode body-wall muscle: plalymyarian 
(example: Caenorhabditis elcgans) and coelomyarian (example: Mermis nigrescens). The anterior-posterior 
axis is vertical. For clarity, only two thin filaments of the bundle that attach to each dense bod) (13- 14, 
29) are illustrated in the tangential section of the Caenorhabditis diagram. In the equivalent, radial plane 
of the Mermis diagram, the thin filaments have been omitted altogether. The scale of the diagrams was 
shortened in the vertical direction to altow illustration of a complete sarcomere. Methods: The C. elegans 
structure was redrawn at a new orientation from illustrations by Francis and Waterston (16). That of Mermis 
was drawn from transmission electron micrographs of orthogonal sections (29). 


an exosarcomeric lattice of intermediate filaments (23). 
The intermediate filament lattice can transmit forces along 
a myofibril, but only when a sarcomere is stretched be¬ 
yond its normal operating range (24), and there is no 
evidence for lateral transmission of forces to the sarco- 
lemma. In smooth muscle, also, there is no equivalent 
lateral attachment. The myofilament strands containing 
actin-myosin contractile units are anchored at their ends 
to the plasmalemma by membrane-associated dense bod¬ 
ies, or adherens junctions. However, cytoplasmic dense 
bodies that serially link contractile units within the strands 
are not directly attached to the plasmalemma (25-26). 

By contrast, in nematode body wall muscle, all dense 
bodies appear firmly attached to the sarcolemma. Like 


the force-transmitting attachment plaques at the ends of 
cross-striated muscle cells, the electron-dense, a-actinin- 
containing dense bodies are fastened to the plasmalemma 
and basal lamina by a broad base composed of vinculin, 
talin, and integrin (16-18, 27). These components also 
play a role in sarcomere localization and assembly during 
embryonic development (27). The dense bodies are analo¬ 
gous to focal adhesions of vertebrate non-muscle cells in 
that they attach actin filaments through the plasmalemma 
to the basal lamina via the same protein components (28). 

In the platymyarian type of nematode muscle cell, the 
contractile structure consists of a layer, about 1 pm in 
thickness, of myofilaments parallel to the very thin epider¬ 
mis (hypodermis) and cuticle (Fig. 1). The ~l-pm dense 
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bodies traverse the entire depth of the filament layer and 
thereby attach the myofilaments perpendicularly to the 
sarcolemma and basal lamina. The basal lamina underly¬ 
ing the muscle, in turn, is fastened to the cuticle across 
the 0.15-/mi-thick epidermal cell cytoplasm via l-/jm- 
spaced, 1-^m-wide circumferential hands of hemidesmo- 
somes and intermediate filaments (16-17). Thus, the ends 
of each sarcomere are tightly anchored to the cuticle via 
dense bodies, basal lamina, and hypodermal cytoskeleton, 
and the shortening of a sarcomere would compress the 
cuticle locally. 

In the coelomyarian muscle type, seen in Merniis ni- 
grescens (19, 29) and various other large nematodes in¬ 
cluding Ascciris lumbricoides (reclassified smon) (12— 
14), the plate of myofilaments is folded lengthwise so 
that most of the contractile layer lies radially (Fig. 1). 
The thickness of the myofilament plate is the same (1- 
2 fum) in Mennis and C. elegems; however, it is two times 
thicker in the much larger Ascciris (13). In the folded 
contractile layer of coelomyarian muscle, the dense bod¬ 
ies connect the thin filaments perpendicularly to the basal 
lamina, as in platymyarian muscle, but most of the basal 
lamina is in the form of a longitudinal ribbon that extends 
radially inwards between the cells (Fig. 1). This rear¬ 
rangement markedly increases the number of sarcomeres 
that can be connected to a unit length of cuticle, thus 
increasing the maximum contractile force. These ribbons 
of basal lamina would transmit compressive forces radi¬ 
ally to the circumferential basal lamina lining the hypo- 
dermis. There, as in the platymyarian arrangement, hemi- 
desmosomes and intermediate filaments are present in the 
thin hypodermal cytoplasm (12, 30) which would transmit 
compressive forces across it to the cuticle. 

Hence, the links between thin filaments and the cuticle 
are the same in the two types, but with the radial extension 
of the basal lamina in coelomyarian muscle. In both types, 
the density and thickness of the dense bodies suggest 
rigidity, and the increased electron density seen in the 
basal lamina adjacent to the dense bodies and in the cuti¬ 
cle near the intermediate filaments (12, 18-19, 29-30) 
suggests that these attachment sites are reinforced to dis¬ 
tribute stress. In the coelomyarian type, the radial exten¬ 
sion of the basal lamina would add an extra element of 
elasticity to the link between sarcomere and cuticle. 

The M-Iine material in the center of the A band (Fig. 
1) attaches the thick filaments to the basal lamina and thus 
could also transmit forces to the basal lamina; however, it 
is unlikely to contribute significantly to the compressive 
forces acting on the basal lamina. Nematode M-lines are 
similar in density and thickness to those in cross-striated 
muscle fibrils. The relatively thicker and more electron- 
dense dense bodies are more probably the primary force 
transmitters. Like dense bodies, the M-line material is 
attached via /Tintegin and talin, hut vinculin and a-actinin 


are missing (16, 28). M lines are thought to keep the 
thick filaments roughly in register and centered within 
the sarcomere. The forces transmitted via the M-line in 
nematode muscle are probably limited to what is needed 
to maintain the average position of the thick filaments in 
a sarcomere centered between the dense bodies. 

A system of inelastic fibers that interconnect dense 
bodies along the oblique row in Ascciris (12) is now 
known to be intermediate filaments (30). These are coiled 
except in fully extended muscle, so their role—like that 
of the exosarcomeric intermediate filament lattice of 
cross-striated muscle—may be to limit over-extension (8, 
12, 15, 30). 

The mechanical linkage in cross-striated muscle cells 
is very different. The sarcomeres of vertebrate myofibrils 
are assembled into cylindrical columns, the myofibrils. 
Tensile forces are transmitted longitudinally by the end- 
to-end contacts across the Z-discs bounding the sarco¬ 
meres and across the attachment plaques connecting be¬ 
tween cell ends. In contrast, the contractile apparatus of 
nematodes appears to be designed for transmitting com¬ 
pressive forces laterally to the cuticle. In C. elegems, the 
attachment sites of sarcomeres via dense bodies to the 
basal lamina are far more numerous than the attachment 
plaques at the ends of the cells. In Mennis , the lateral 
attachments to the basal lamina extend over the entire 
6-mm length of the extremely narrow (2 /mi) band of 
contractile filaments. These dimensions are to be com¬ 
pared to the 5-10 mm arc lengths of the smooth bends 
which are propagated along the body. These geometries 
suggest that comparatively little of the contractile force 
developed within the longitudinal muscles is transmitted 
serially (from sarcomere to sarcomere and cell to cell) to 
the muscle ends. Rather, shortening of each sarcomere 
would directly compress the adjacent basal lamina to 
which it is individually and tightly attached. From the 
basal lamina, this compression would be transmitted to 
the cuticle by the many short intermediate filaments tra¬ 
versing the 1.5-pm hypodermis. Thus, the most signifi¬ 
cant mechanical distinction between obliquely striated 
muscle of nematodes and cross-striated muscle is that 
each sarcomere is connected perpendicularly to the site 
of force application, rather than serially to the muscle 
ends. 

The functional consequence of this lateral, parallel ap¬ 
plication of contractile force to the cuticle is evident in 
the motion caused by the longitudinal muscles. Nematode 
locomotion typically involves smooth dorsoventral bend¬ 
ing of the body tube (Fig. 2A). Although the straps of 
longitudinal muscles run the entire length of the body, 
compression of the cuticle occurs locally, on the inside 
of bends, for two or more separated bends along the 
length. This could occur only if local, lateral application 
of contractile force was significant. Localized bending is 
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Figure 2. Propulsive motion of wild-type and mutant Caenorhabditis 
elegans. (A) Free forward motion of wild-type on surface of agar gel (two 
views 1.2 s apart). (B) Propulsion of wild-type in contact with surface of 
a bubble (two views 1.0 s apart). The external capillary force causes 
buckling of the body tube. Marks indicate location of vulva (midbody) 
and anus of this young adult hermaphrodite. There is some foreshortening 
due to out-of-plane orientation. (C) Kink that occurs during forward loco¬ 
motion of a lin-39 mutant of C. elegans crawling on agar. Dorsal is 
upwards. (D) Sharp kink that occurs during reverse locomotion of the 
same individual. Arrows point to the position of the refraclile intestinal 
lumen, visible under the illumination conditions. Methods: Locomotory 
motion of C. elegans wildtype (Bristol, N2 strain), and the lin-39 (nl760 
null allele) mutant kindly provided by Scott Clark (32), was recorded on 
videotape with a CCD camera mounted at the focal plane of a 3.2 power 
microscope objective with diffused illumination from below. Body outlines 
were traced from a video monitor during frame-by-frame replay using a 
Mitsubishi Model HS-U62(C) video recorder. C. elegans strains were 
cultivated on agar petri plates with a culture of Escherichia coli mutant 
strain OP-50 for food (34). 


especially evident in the unique locomotion of Mennis. 
Free-living stages of Mennis nigrescens (about 100 mm 
in length and 0.4 mm in diameter) are capable of remark¬ 
able local control of six to eight body waves so as to 


apply lateral force to various point contacts in grass as 
the body tube glides by (29). 

The lateral attachment is also important to prevent 
buckling of the inherently flexible cuticle during contrac¬ 
tion of the longitudinal muscles. Buckling would be pre¬ 
dicted to occur if the muscle attachments were to span 
long intervals of the cuticle, in particular, if the ratio of 
length over width of the compressed zone exceeded 7, 
the value that shifts the Euler column formula into the 
long-column phase governed by buckling (31). The nar¬ 
row cuticular tube of wild-type C. elegans buckles only 
when unusual external forces are applied—for example, 
when the worm becomes trapped by surface tension 
against a bubble (Fig. 2B). However, in the presence of 
the lin-39 (nl760) mutation, buckling occurs during nor¬ 
mal locomotion. The mutation leaves a substantial length 
of the ventral muscle detached from the cuticle in the 
midbody region (32). The detached sarcomeres remain 
interconnected serially like vertebrate myofibrils, through 
dense bodies and attachment plaques between cells. Dur¬ 
ing contraction, the muscle strand applies forces to the 
cuticle anterior and posterior to the midbody region. 
When these mutants locomote, the body tube is seen to 
buckle as the wave of contraction passes into the midbody 
(Fig. 2C and 2D). Kinking is greatest in dorsal bends 
where the detached ventral muscle bands could slip the 
farthest across the pseudocoelom from their normal posi¬ 
tion, thus producing a greater component of force perpen¬ 
dicular to the cuticle. Arrows indicate displacement of 
the intestine (refractile lumen) by the muscle. Mutations 
in the mua (muscle attachment) genes similarly result 
in muscle detachment and kinking (Plenefisch and 
Hedgecock, pers. comm.). 

Oblique striations are observed in longitudinal sections 
of C. elegans and radial sections of Mennis (Fig. 1). The 
oblique pattern is due to the displacement of adjacent 
columns of sarcomeres along one of the longitudinal di¬ 
mensions. The actual angle of oblique striation could not 
be shown in Figure 1 but is seen in Figure 3A. a diagram 
illustrating to scale a surface view of the basal lamina 
and the dense body attachment sites. In all nematodes 
described the striation angle is 5°-7° with respect to the 
myofilaments (13-14, 16, 33) and depends on degree of 
contraction (12). 

Contraction of obliquely striated muscle occurs by a 
sliding filament mechanism. But unlike cross-striated 
muscle, the angle of striation with respect to the filament 
axis increases with contraction while the amount of stag¬ 
ger between adjacent sarcomeres decreases. To date, the 
discussion of this motion in the literature (1-2, 8, 11 — 
12) has not considered the constraining role of the lateral 
attachment of the sarcomeres to the basal lamina and 
cuticle. This attachment maintains the staggered position 
and spacing of the columns of sarcomeres at rest. During 
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the shortening of sarcomeres, the change in both stagger 
and striation angle must be governed by the elastic proper¬ 
ties of the basal lamina and cuticle. Figure 3A illustrates 
the actual distribution of dense body attachment sites on 
the basal lamina. The system can be modeled by transfer¬ 
ring the pattern of attachment sites onto a rubber mem¬ 
brane that has been previously stretched along the myo¬ 
filament axis. The rubber membrane is thus equivalent to 
the basal lamina and cuticle under isometric tension. 
When the rubber membrane is allowed to shorten (equiva¬ 
lent to muscle contraction), the pattern width increases, 
the amount of stagger decreases, and the striation angle 
increases. Thus, the elastic properties of the membrane 
govern how the pattern is deformed during shortening. 
The previously hypothesized link between shearing and 
angle of striation in obliquely striated muscle (3) must, 
at least in nematodes, be the elastic basal lamina and 
cuticle to which the sarcomeres are attached. 

What is the significance of the oblique arrangement of 
sarcomeres? We propose that it distributes the attachment 
sites more evenly over the basal lamina. Compare the 
distributions with sarcomere attachment sites displaced 
longitudinally (Fig. 3A) and arranged orthogonally as if 
cross-striated (Fig. 3B). With oblique striation, the sar¬ 
comere compression zones overlap, the attachment sites 
are spread apart, and a more even loading pattern is gener¬ 
ated within the basal lamina. The lateral transmission of 
sarcomere contraction and the staggering of the sarcomere 
attachment sites should result in essentially continuous 
compressive loading of the adjacent cuticle and a smooth 
bend in the body tube. 

Oblique striation has been described for muscles of 
platyhelminths, nematodes, gastrotrichs, nematomorphs, 
priapulids, pogonophora, chaetognathes, annelids, mol¬ 
luscs, brachiopods, and an echinoderm (3-7, 9), and 
dense bodies are an obvious feature in all taxa. A provoca¬ 
tive question is to what extent the lateral transmission of 
contractile force and the even distribution of attachment 
sites on the basal lamina—discovered in nematode body 
wall muscles—are significant architectural features of 
other obliquely striated muscles. 


| _10pm_ ] 

Figure 3. Surface view of nematode body wall muscle celt showing 
distribution of dense body attachment sites (dots) to the basal lamina: 
(A) with observed 7° oblique striation. and (B) rearranged as if it were 
cross-striated. The tines in the first column of sarcomeres indicate orien¬ 
tation of the thin filaments. Three complete sarcomeres are illustrated 
in each diagram. Longitudinal dimension is vertical. The pattern in (A) 
was drawn to scale from a surface view of C. elegans body-wall muscle 
photographed under phase optics published by Francis and Walerslon 
(16). The same pattern is seen in radial sections of coelomyarian muscle. 
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